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Summa2 
Multifilamentary Nb/Gu-7.5at%Sn-O..bt$Ti wires 
with two kinds of configurations were fabr ica ted  and 
their   superconduct ing  propert ies  were evaluated. One 
kind of wires contain 1-5 Um-diam 3Ir36I-Nb cores. 
These wires composed of our typical configuration with 
each 361-Nb cores embedded i n  a Cu-7.5Sn-0.4Ti matrix 
i n s i d e  a Nb barrier,  surrounded by a s t a b i l l z i n g  Cu. 
The other kind of wire contains 4.7 um-diam  721-Nb 
c o r e s   i n  a Cu-7.5Sn-0.4Ti matr ix  inside a Nb b a r r i e r  
surrounded by a s t a b i l i z i n g  Cu.  The l a t t e r  w i r e  showed 
higher Jc(overal1) '  than the wire with the former con- 
f i g u r a t i o n  of about the same core  diameter. The 
Jc (   ove ra l l )  a t  1 5 T exceeded 400 A/mm2 a t  4.2 K and 
reached t o  570 A/mm2 a t  1.8 K for  the 1at te : r  wire  heat  
t r e a t e d  a t  6 5 0 ~ ~  f o r  200 hr. 
While the  4.6 pm-diam core wire with the former 
configurat ion showed a Jc(overal l )  of 350 A/mm2 a t   1 5  T ,  
4.2 K a f t e r  t he  hea t  t r ea tmen t  a t  660°C f o r  200 hr, it 
also reached to  400 A/mm2 a t  15 T ,  4.2 K when the core 
diameter was reduced t o  2.7 pm and hea t  t r ea t ed  at  
comparatively low temperature of 64OoC f o r  200 hr. 
for  both  k inds  of wires. Since the TC'S were measured 
t o  be 16.8 K fo r  t hese  two kinds of wires,  this Hc2 
enhancement may be a t t r i b u t e d  t o  t h e  Pn increase as a 
r e s u l t  o f  T i  incorpora t ion  in to  the Nb3Sn l a y e r  i n  the 
same way as t h a t   f o r  Nb-Ti core NbjSn wires. 
The Hc2's a t  4.2 K were extrapolated t o  about 25 T 
Introduct ion 
Recently, 100-200 mm diameter bore 15 T c l a s s  
superconducting magnets have been successfully con- 
s t ruc ted  us ing  reac t ion  hea t  t rea ted  T i  bronze-multi- 
f i lamentary Nb3Sn conductors with 4-5 um-diam Nb cores. 
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Though it has been repor ted  tha t  the  addi t ion  of 
Ti3,Zr",HfS,or Ta'to the core and/or Ga5, o r  Ti7 to  the  
bronze matrix g rea t ly  inc reases  the  c r i t i ca l  cu r ren t  
d e n s i t y   J c  o r  the  Nb3Sn layer for bronze-processed 
single-core Nb3Sn wires, we have shorn that the  add l -  
t i o n  of T i  t o  t h e  bronze matrix i s  most e f f e c t i v e  f o r  
increas ing  the  non Cu a r e a  c r i t i c a l  c u r r e n t  d e n s i t y  
Jc(overa l1)   in   h igh- f ie lds   for   mul t i f i l amentary  NbgSn 
conductors. It  has  been a l so   revea led   tha t   the  
s t r a i n  s e n s i t i v i t y  of c r i t i c a l  c u r r e n t  IC's i n  high- 
f ie lds  for  mul t i f i l amentary  NbjSn conductors are high1 
improved by the addi t ion of T i  t o   t h e  bronze 
Thus, at  present ,  T i  bronze multifilamentary NbjSn con- 
ductors  may be the  most re l iable  superconductor  for  
bui lding large bore 15 T class superconducting magnets 
using react ion heat  t reated conductors .  
Typically,  the Nb cores  of our T i  bronze mult i f i l -  
amentary NbgSn conductors are subdivided by Nb b a r r i e r s  
i n  a s t a b i l i z i n g  Cu. Within each Nb ba r r i e r ,  equa l ly  
separated 361-Nb cores  a re  embedded i n  a Cu-?.5at$Sn- 
0.4at%Ti  bronze  matrix.  Corresponding to   the  conductor  
spec i f ica t ions  requi red ,  some number of  this 361-cores/  
b a r r i e r   u n i t  w i l l  be included in  the  conductor .  
wires with 1-5 um-diam  Nb cores, of the  above type con- 
figuration. Besides these wires,  another type of  Nb/Cu 
-7.5Sn-0.4Ti wire was f a b r i c a t e d  i n  this study. In 
t h i s  w i r e ,  4.7 pm-diam  721-Nb cores  a re  embedded i n  a 
Cu-7.5Sn-0.4Ti matr ix  inside a Nb barrier,  Ssrrounded 
by a s t a b i l i z i a g  Cu. 
IC's have been measured up t o  23 T f o r  t h e s e  two 
types of wires using HM-2 hybrid magnet a t  Tohoku 
University. 
We prepared several 31 361-core Nb/Cu-7.5Sn-O.&Ti 
Experimental procedure 
Table 1 shows the specif icat ions for  the conductors  
prepared i n  t h i s  study. 31 361-co1-e Nb/C~-7.5Sn-0.4Ti 
composite wires were inserted into OFC(0xygen Free 
Copper) t u b e s  m d  drawn to  the  f ina l  ou te r  d i ame te r s  
corresponding t o  the  Nb core  d iameters  l i s ted  in  Table  
1. These  361-core  composite wires  were hydros ta t ica l ly  
double extruded and drawn i n  production scale. The 
361-cores are embedded i n  a Cu-7.5Sn-0.4Ti matrix 
i n s i d e  a Nb barrier,  surrounded by a s t a b i l i z i n g  OFC. 
Another type OY wire  f ab r i ca t ed  in  th i s  s tudy  composed 
of 721-Nb cores  embedded i n  a Cu-7.5Sn-0.4Ti matrix 
i n s i d e  a Nb barrier,  surrounded by a s t a b i l i z i n g  OFC. 
This wire was drawn t o  a f i n a l   s i z e  of 0-3 mm i n  diame- 
t e r  after double extrusion. 
Fig, 1 & o m  tbe cross-sections f o r  these conductors. 
Cr i t i ca l  cu r ren t  IC's a t  4.2 K were measured and 
non Cu a rea   c r i t i ca l   cu r ren t   dens i ty   J c (ove ra l1 )  were 
eva lua ted  for  these  two types of T i  bronze msltifilamen- 
t a r y  Nb3Sn wi re s ,  hea t  t r ea t ed  in  vacuum a t  temperatures 
Table 1. Conductor spec i f ica t ions  
Composition a t% Nb/Cu-7.5Sn-0.4Ti 
Outer  diameter d mm 1.39  1.09  .83 0.54 0.40 1.05 0.30 
Core diameter 0 um 4.6 3.6 2.7 1.8  .3 
No of cores  361 x 31 361 x 31 721 
Bronze/Core 2.5 2.5 2.5 
Barr ie r  Nb  Nb  Nb 
Cu/non Cu 1.25 0.80 0.48 
3.8 4.7 






Fig.  1.  Cross-sections of the  multif i lamentary Nb/Cu- 
7.5Sn-O.4Ti wires. 
(a) 4.7 pm-diam 721-core wire. 
(b) 4.6 Um-diam 31x361-core wire. 
from 63OoC t o  675OC. IC measurements up t o  23 T ,  4.2 K 
have been made using the HM-2 hybrid magnet a t  High 
Field Laboratory for Superconducting Materials of The 
Research I n s t i t u t e  f o r  I r o n ,  S t e e l  and Other Metals, 
Tohoku University. Specimen length i s  34 mm. IC was 
defined as the current  where a voltage of 1 pV/crn 
appeared between the terminals.  IC a t  1.8 K was a l s o  
measured f o r  t h e  721-core wire by pumping t h e  i n s e r t  
dewar  of the  HM-2 hybrid magnet. Cri t ical  temperature  
Tc was evaluated from both inductive and resistive 
measurements. 
Resul ts  and discussion 
Current-carrying capacit ies 
Fig. 2 shows t h e  dependence of J c ( o v e r a l 1 )   a t   1 5  
T ,  4.2 K on the heat treatment t ime a t  each temperature 
f o r  t h e  4.7 Urn-diam 721-core Nb/Cu-7.5Sn-O.LTi wires. 
It i s  revealed that  the hi  her  the heat  t reatment  tem- 
perature  from 645'C t o  675 Q C ,  the  Jc(overal1)  a t  15 T ,  
4.2 K reaches  to  i t s  maximum a t  shorter  heat  t reatment  
time. Though the  Jc(overa l1)  for  the  wire  hea t  t rea ted  
a t  645OC increases with increasing heat treatment time 
and reaches t o  400 A/mm2 a f t e r  400 h r ,  t h a t  f o r  the  
wire heat treated a t  660'C reaches  to  i t s  maximum of 
380 A/mm2 a f t e r  200 hr heat treatment.  
diam 721-core wires heat treated a t  645OC f o r  400 h r  
and a t  660'C f o r  300 hr, up t o  23 T. Jc(overal1) 's  f o r  
the  wire h e a t  t r e a t e d  a t  660'C f o r  200 h r  are a l s o  
p l o t t e d  up t o  1 5  T. The wire h e a t  t r e a t e d  a t  645OC f o r  
400 hr  showed the  Jc(overall)   of  about 900, 400,  130 
and 85 A/mm2 a t  IO, 15, 19 and 20 T ,  respect ively.  
core  diameters  for  the 31w361-core wires  hea t  t rea ted  a t  
660°C f o r  200 h r  and a t  64OoC f o r  200 h r  i s  shown i n  
Fig..&. I t  i s  observed that the optimum heat treatment 
temperature  shif ts  to  lower one with decreasing Nb core 
diameter. While the Jc(overal1)  a t  15 T ,  4.2 K f o r  t h e  
31 361-core wire heat treated a t  660°C f o r  200 h r  de- 
creases  drast ical ly  with decreasing Nb core diameter 
below 4 pm, sudden decrease,of that  after the heat 
treatment a t  64OoC 200 hr occurs  for  the wire with de- 
creasing Nb core diameters below 2.5 pm. The wire heat 
t r e a t e d  a t  640°C f o r  200 h r  r eaches  to  i t s  highest  Jc(  
overa l l )  a t  15 T, 4.2 K of 400 A/rnm2 a t  a core diameter 
of  2.7 pm. This tendency of a sudden decrease i n  Jc( 
overall)  for wires with small  Nb core diameters heat 
t rea ted  a t  temperatures over some cr i t ica l  t empera ture  
may be a t t r i bu ted  to  the  obse rva t ion  tha t  t he  Nb3Sn 
g ra ins  a re  easy  to  grow larger with decreasing Nb core 
diameter under a same heat treatment condition. 
Fig. 5 shows the  Jc(overal1)  a t  15 T ,  4.2 K f o r  
Fig. 3 shows Jc(overal1)-H curves for the 4.7 pm- 
The dependence of Je(overal1)  a t  15 T ,  4.2 K on Nb 
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Fig. 2.  The dependence o f  Jc(overal1) a t  1 5  T ,  L.2 K 
on heat  t reatment  t ime for  the 4.7 pm-dlam 721-core 
Nb/Cu-7.5Sn-O.4Ti wire. 
3.8 Um-diam  31 361-core wires heat treated a t  each tem- 
pera tures  for  200 hr. The Jc( overa l l )  a t  15 T, 4.2 K 
for th i s  wi re  reaches  to  i t s  maximum of about 350 A/mm2 
a f t e r  t he  hea t  t r ea tmen t  a t  a temperature between 64OoC 
and 65OoC f o r  200 hr .  The Jc(overa1l) ' s  f o r  this  wire  
with 3.8 pm-diam Nb cores are  considerably sensi t ive t o  
the heat treatment temperature. 
Fig. 6 shows the Jc(overall)-H curves up t o  23 T 
f o r  t h e  3.8 pm-diam  31 361-core Nb/Gu-7,5Sn-O.l+Ti wires 
hea t  t rea ted  a t  650'C f o r  200 h r  and a t  660'C f o r  300 
hr. A Jc(overal1)-H curve u t  t o  15 T i s  a l s o  drawn f o r  
the wire  heat  t reated a t  660 C for 200 nr. The wire 
hea t  t r ea t ed  a t  650'C for 200 h r  shows the  Jc(overa l1)  
of 350, 100 and 70 A/mm2 a t  15, I 9  and 20 T ,  respective- 
ly .  
I t  i s  revealed in Fig.  7 t h a t  under optimized heat 
treatment condition, the 4.7  urn-diam 721-core Nb/Cu-7.5 
Sn-O.4Ti wire showed the  higher   Jc(overal1)  up t o  23 
T as compared to  those  fo r  t he  4.6 Urn-diam 31w361-core 
Nb/Cu-7.5Sn-O./Ti wire. The former  wire  heat  treated 
a t  650'C f o r  200 h r  shows t h e  J c ( o v e r a l l )  a t  4.2 K of 
400 and 100 A/mm2 a t  1 5  and 20 T ,  respect ively.  
2o; 
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Fig. 4. The dependence of J c  ( o v e r a l l )  a t  1 5  T ,  4.2 K on 
Nb core diameter for the 3lx361-core Nb/Cu-7.5Sn-0.4Ti 
wires  hea t  t rea ted  a t  6L+OoC f o r  200 hr and 66OoC f o r  200 
h r  . 
We use Nb as a bar r ie r  for  prevent ing  the  d i f fus ion  
of Sn i n   t h e  bronze i n t o  t h e  s t a b i l i z i n g  Cu on reac t ion  
heat  t reatment .  Inside a b a r r i e r ,  Nb cores are separated 
from each   o ther   in  a T i  bronze  matrix.  Accordingly, 
during the heat treatment,  Nb3Sn layer  grows equally a t  
any Nb co res  in s ide  a bar r ie r  except  those  jus t  ins ide  
the  Nb bar r ie r .  Because the inner  s ide of  the Nb bar r i -  
er  contacts  with the bronze,  some  Nb3Sn l a y e r  i s  formed 
a long  the  ins ide  of  t h e  Nb barrier besides those around 
Nb cores on reaction heat treatment.  Since it has been 
evaluated from induct ive measurement f o r  a 4.6 ym-diam 
31 361-core Nb/Cu-7.5Sn-O.ATi wire  heat  t reated a t  65OoC 
f o r  200 hr  tha t  the  t rans i t ion  tempera ture  Tc f o r  t h e  
NbgSn layer  a long  the  ins ide  of the  Nb b a r r i e r  i s  lower 
by about 2.5 K t han  tha t  fo r  t he  Nb3Sn layer around Nb 
cores ,  it may be supposed that  the former NbgSn layer  
has poor high-field current-carrying capacit ies as com- 
pa red  to  those  fo r  t he  l a t t e r .  The volume f r a c t i o n  of 
the  Nb3Sn layer  a long  the  Nb b a r r i e r   t o   t h e   t o t a l  volume 
of t h e  Nb3Sn l a y e r s  formed i n s i d e   t h e  Nb b a r r i e r  de- 
creases  with increasing number of Nb cores  ins ide  the  Nb 
barr ier .  This  may be t h e  main reason why the  4.7 pm- 
diam 721-core Nb/Gu-7.5Sn-0.4Ti wire shows the higher  
Jc(overal1)  than  the 4.6 urn-diam  31 361-core Nb/Cu-7.5 
Sn-O.4Ti wire. 
I t  was observed  that   the   Jc(overal1)   in   high-  
f i e l d s  were s i g n i f i c a n t l y  improved by reducing the 
temperature. While the  Jc(overa l1)  a t  1 5  T f o r  t h e  4.7 
pm-diam 721-core Nb/Cu-7.5Sn-O.l+Ti wire  heat  t reated a t  
cu 
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Fig. 6. Jc(overal1)  VS. H cu'sves a t  4.2 K f o r  t h e  3.8 
ym-diam 31x361-core Nb/Cu-7.5Sn-0.4Ti wire. 
65OoC f o r  200 h r  was 400 A/mm2 a t  4.2 K ,  it increased to  
570 A/mm2 a t  1.8 K. The wire showed about double 
Jc(overal1)  a t  1.8 K as compared to  those  at  4.2 K ,  i n  
high-fields. 
Upper . c r i t i c a l   f i e l d  He2 
Fig. 8 shows the Kramer,plot corresponding to the 
Jc(overal1)-H  curves  in  Fig.7. The extrapolated H&'s 
are  about  25 T f o r  both the 4.7 pm-diam 721-core Nb/Cu- 
7.5Sn-0.4Ti wire  hea t  t rea ted  a t  650'C f o r  200 hr and 
the  4.6 pm-diam 31x361-core Nb/Cu-7..5Sn-O./+Ti wire heat 
t r e a t e d  a t  66OoC f o r  200 hr .  
I t  has  been reported that the normal state re- 
s i s t i v i t y  Pn j u s t  above Tc of Nb3Sn l a y e r  f o r  Nb-3atgTi 
core NbgSn wire  increases  t o  about 40 pRwm as a r e s u l t .  
Fig. 7. Jc(overal1)  vs. H curves a t  4.2 K f o r  t h e  4.7 
Fig. 5. Tho dependence of Jc(overal1)  a t  15 T ,  4.2 K on Um-diarn 721-core Nb/Cu-7.5Sn-O.hTi wire  heat  t reated at  
heat treatment temperature for the 3.8 pm-diam  31 361- 650°C f o r  200 h r  and t h e  4.6 pm-diam 31~36l -core  NbjCu- 
core Nb/Cu-7.5Sn-O.L+Ti wire. 7.5Sn-0.4Ti wire  heat  t reated a t  660'C f o r  200 hr .  
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Fig. 8. Kramer p lo ts  for  the  mul t i f i l amentary  Nb/Cu- 
7.5Sn-O.4Ti wires corresponding t o  the Jc(overal l )  vs .  
H curves in Fig.  7. 
of T i  incorpora t ion  in to  the  NbgSn 
Since  the  c r i t i ca l  t empera ture  TC’S a r e  measured t o  be 
16.8 K by t h e  r e s i s t i v e  method fo r  bo th  the  above multi- 
filamentary Nb/Cu-7.5Sn-0.4Ti wires,  the main cause of 
t h i s  He2 enhancement may be a t t r i b u t e d  t o  t h e  Pn i n -  
c r e a s e  i n  t h e  same way as those  fo r  Nb-SatgTi core Nb3Sn 
wires. 
Conclusion 
A multifilamentary Nb/Cu-?.5Sn-0.4Ti wire with 4.? 
pm-diam 721-cores i n s i d e  a b a r r i e r  showed the higher  
Jc(,overall)   than  those  for a wire  with  4.6 um-diam 
361-cores inside a b a r r i e r ,  up t D  23 T. While the  
l a t t e r  w i r e  showed a Jc(overal1) of 350 A/mm2 a t  15 T ,  
4.2 K a f te r  the  hea t  t rea tment  a t  66OoC f o r  200 hr ,  
tha t  for  the  former  wire  hea t  t rea ted  a t  65OoC f o r  200 
h r  exceeded 400 A/mm2. Furthermore, the former 4.7 urn- 
diam 721-core wire heat treated a t  65OoC f o r  200 hr  
showed a Jc(overal1) of 570 A/mm2 a t  15  T under super- 
f l u i d  He condition a t  1 .8  K. The wire showed about 
double  Jc(overal1) a t  1.8 K than  those a t  4.2 K,  i n  
h igh  f ie lds .  
The HP2’s have been extraDolated to about 25 T a t  
4.2 K by Kramer p lo t  fo r  bo th  the  above wires. The main 
cause of t h i s  He2 enhancement for  the mult i f i lamentary 
Nb/Cu-7.5Sn-O.kTi wires may be a t t r i b u t e d  t o  t h e  i n -  
c r e a s e  i n  pn of the NbgSn l a y e r  as a r e s u l t  of the  T i  
incorporation. 
The smaller  the Nb core diameter, the more sensi-  
t i v e  becomes the  Jc (ove ra l l ) ’ s  fo r  t he  31x361-core Nb/ 
Cu-7.5Sn-O.CTi mul t i f i l amentary  wires  to  the  hea t  t rea t -  
ment condition. The  optimum heat  treatment  temperature 
f o r  t h e  31x361-core Nb/Cu-7.5Sn-0.4Ti w i r e  s h i f t s  t o  
lower one with decreasing Nb core diameter. The Jc( 
overal l )  for  the wire  with 2.7 um-diam cores heat 
t r e a t e d  a t  640°C for 200 hr  reached to  400 A/mm2 a t   1 5  
T ,  4.2 K. 
Thus, i t  has been revealed that the multif i lamen- 
t a r y  Nb/Cu-7.5Sn-0.4Ti conductors  are  very useful 
superconductors  for  bui lding large bore magnets capable 
of generating central  magnetic fields over 15 T, from 
the  improvements i n  both the high-field current-carrying 
capac i t ies  and  the  s t ra in  sens i t iv i ty  of  c r i t i c a l  
cur ren ts  i n  high-f ie lds .  
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